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We have fabricated indium-doped ZnO (IZO) nanowires (NWs) and carried out four-probe
electrical-transport measurements on two individual NWs with geometric diameters of ≈ 70 and
≈ 90 nm in a wide temperature T interval of 1–70 K. The NWs reveal overall charge conduction be-
havior characteristic of disordered metals. In addition to the T dependence of resistance R, we have
measured the magnetoresistances (MR) in magnetic fields applied either perpendicular or parallel
to the NW axis. Our R(T ) and MR data in different T intervals are consistent with the theoretical
predictions of the one- (1D), two- (2D) or three-dimensional (3D) weak-localization (WL) and the
electron-electron interaction (EEI) effects. In particular, a few dimensionality crossovers in the two
effects are observed. These crossover phenomena are consistent with the model of a “core-shell-like
structure” in individual IZO NWs, where an outer shell of a thickness t (≃ 15–17 nm) is respon-
sible for the quantum-interference transport. In the WL effect, as the electron dephasing length
Lϕ gradually decreases with increasing T from the lowest measurement temperatures, a 1D-to-2D
dimensionality crossover takes place around a characteristic temperature where Lϕ approximately
equals d, an effective NW diameter which is slightly smaller than the geometric diameter. As T
further increases, a 2D-to-3D dimensionality crossover occurs around another characteristic tem-
perature where Lϕ approximately equals t (< d). In the EEI effect, a 2D-to-3D dimensionality
crossover takes place when the thermal diffusion length LT progressively decreases with increasing
T and approaches t. However, a crossover to the 1D EEI effect is not seen because LT < d even
at T = 1 K in our IZO NWs. Furthermore, we explain the various inelastic electron scattering
processes which govern Lϕ. This work demonstrates the complex and rich nature of the charge
conduction properties of group-III metal doped ZnO NWs. This work also strongly indicates that
the surface-related conduction processes are essential to doped semiconductor nanostructures.
PACS numbers: 73.63.-b, 73.20.Fz, 72.20.-i, 72.80.Ey
I. INTRODUCTION
In recent years, nanometer-scale structures have
opened up numerous new horizons in both fundamen-
tal and applied research1. Among the various forms
of nanoscale structures, nanowires (NWs) provide the
unique advantages for facilitating four-probe electrical-
transport measurements over a wide range of temper-
ature T and in externally applied magnetic fields B.
In-depth investigations of the rich phenomena and the
underlying physics of intrinsic charge and spin conduc-
tion processes in single NWs are thus feasible. Indeed,
to date, significant advances have been made in stud-
ies of metallic2–6, magnetic7, semiconducting8–16, and
superconducting17 NWs.
Zinc oxide (ZnO) NWs are probably the most exten-
sively studied materials among all kinds of semiconductor
NWs, due to their intricate physical properties as well as
their widespread potential applications in nanoelectronic
and spintronic devices18,19. In addition to the initial
investigations of natively (unintentionally) doped sam-
ples, artificially doped ZnO NWs have attracted much
attention. For instance, the n-type doping of Ga and In,
among other metal atoms, into ZnO NWs has recently
been explored20,21. The electrical-transport properties of
individual In-doped ZnO (hereafter, referred to as IZO)
NW22 and NW transistors14 have also been reported. De-
spite the intense experimental studies in the past years,
the electrical conduction mechanisms in the parent ZnO
NWs have only been explained recently. Chiu et al.9
and Tsai et al.10 have demonstrated that most artificially
synthesized ZnO NWs, being essentially independent of
the growth method, are moderately highly doped and
weakly self-compensated, resulting in a splitting of the
impurity band. As a result, the overall charge trans-
port behavior is due to the “split-impurity-band conduc-
tion” processes. Furthermore, Chiu et al.9 and Tsai et
al.10 have shown that many natively doped ZnO NWs,
which inherently possess high carrier (electron) concen-
trations, often lie on the insulating side of, but very
close to, the metal-insulator (M-I) transition. There-
fore, it is expected that incorporation of a few atomic
percent of, e.g., the group-III indium atoms into ZnO
NWs may promote the NWs to fall on the metallic side
of the M-I transition. (The group-III atoms, Al, Ga,
and In, are shallow donors in ZnO23.) Thus, the IZO
NWs should reveal electrical conduction properties char-
acteristic to those of disordered conductors. In partic-
ular, the quantum-interference weak-localization (WL)
and the electron-electron interaction (EEI) effects should
be manifest at low temperatures24–26.
Apart from the interesting low-dimensional electrical-
transport properties that could be expected for NW
structures, ZnO NWs inherit some complexities, as com-
2pared with other NW materials. In particular, the ques-
tion of whether the surfaces of a ZnO NW are more con-
ducting or less conducting than the bulk has been inves-
tigated by several groups. It is now accepted that surface
electron accumulation layers, band bending effects, com-
positional nonstoichiometries, and ambient conditions,
etc., can all markedly affect the electrical properties of
a surface27,28. Recent measurements of resistance R and
magnetoresistance (MR) by Chiu et al.9, Hu et al.29, and
Tsai et al.10 have revealed that surface conduction is par-
ticularly important in those ZnO NWs lying close to the
M-I transition. In this context, it would be very inter-
esting to investigate if surface conduction could also be
pronounced in IZO NWs which are even more metallic
than the natively doped ZnO NWs. Indeed, in this work,
we have measured and analyzed the T dependence of R
as well as the B dependence of both perpendicular MR
and parallel MR in two IZO NWs over a wide T inter-
val of 1–70 K. We found a few dimensionality crossovers
in the WL and the EEI effects as T gradually increases
from 1 to 70 K. These results strongly point to domi-
nating roles of the surface-related conduction processes,
prompting us to propose a “core-shell-like structure” in
individual IZO NWs. This present work demonstrates
the complex and rich nature of charge transport pro-
cesses in ZnO-based NWs. This work also illustrates
that quantum-interference transport studies can provide
a useful probe for the electron scattering processes in
these nanoscale materials. Furthermore, regarding to
the materials and technological aspects, we would like
to stress that the nature of impurity doping semiconduc-
tor nanostructures is intrinsically distinct from doping
the bulks. The recent theoretical calculations of Dalpian
and Chelikowsky30 have shown that dopants would be en-
ergetically in favor of segregating to the surfaces rather
than distributing uniformly across the radial direction.
Their theory provides a strong microscopic support for
our experimental observation of a core-shell-like struc-
ture in the IZO NWs.
FIG. 1. A schematic for our proposed core-shell-like structure
in IZO NWs. The blue outer shell of a thickness t is respon-
sible for the WL and the EEI transport. d is an effective
diameter which differs slightly from the geometric diameter.
The experimental conditions for the 1D, 2D, and 3D WL and
EEI effects are summarized on the right.
For the convenience of discussion, we first present our
model of the core-shell-like structure and summarize the
main results of this work. Figure 1 shows a schematic
of the core-shell-like structure with a surface conduction
layer of a thickness t (≃ 15-17 nm in our IZO NWs).
The sizes of the effective NW diameter d and the thick-
ness t, relative to the electron dephasing length Lϕ and
the thermal diffusion length LT , determine the observed
one-dimensional (1D), two-dimensional (2D), or three-
dimensional (3D) WL and EEI effects, as summarized in
figure 1. The dephasing length Lϕ =
√
Dτϕ is the char-
acteristic length scale in the single-particle WL effect and
the thermal length LT =
√
D~/kBT is the characteris-
tic length scale in the many-body EEI effect, where D is
the diffusion constant, τϕ is the electron dephasing time,
2π~ is the Planck constant, and kB is the Boltzmann con-
stant. Table I summarizes the various T intervals over
which different dimensionalities in the WL and the EEI
effects are observed in our IZO NWs.
This paper is organized as follows. In section 2, we
discuss our experimental method for the NW synthesis
and characterizations as well as the low-T four-probe re-
sistance and MR measurements. In sections 3 to 5, we
present our experimental results and discussions in great
detail. We carry out analyses of the perpendicular MR
data and the parallel MR data (section 3) as well as the
T dependence of R (section 4) to illustrate how a con-
ducting outer-layer must exist in single IZO NWs. As a
consequence, a few 1D-to-2D and 2D-to-3D dimensional-
ity crossovers in the WL and the EEI effects are observed.
In section 5, we identify the underlying electron dephas-
ing processes. Our conclusion is given in section 6.
II. EXPERIMENTAL METHOD
Our IZO NWs were synthesized by the laser-assisted
chemical vapor deposition (CVD) method, as described
previously22. The scanning electron microscopy (SEM)
image in figure 2(a) shows that IZO NWs with diame-
ters ranging roughly from 40 to 100 nm were formed on a
tin-coated Si substrate. The high-resolution transmission
electron microscopy (HRTEM) image and selected-area
electron diffraction pattern in figure 2(b) indicate that
In atoms were effectively incorporated into the wurtzite
crystal lattice of ZnO and the single crystalline struc-
ture with the (0001) growth direction was maintained.
Energy-dispersive x-ray (EDX) spectrum displayed in fig-
ure 2(c) indicates an In to Zn atomic ratio of approxi-
mately 3 at.%, suggesting successful incorporation of In
atoms into the ZnO crystal lattice. The NW growth and
doping method as well as the structural and composition
analyses were previously discussed in reference 22.
We have fabricated several single IZO NW devices with
the four-probe configuration by utilizing the electron-
beam lithography technique. The devices reported in this
paper were taken from the same batch of NWs. Submi-
cron Cr/Au (10/100 nm) electrodes were made via ther-
3TABLE I. Summary of approximate temperature intervals over which different dimensionalities in the WL and the EEI effects
are observed in IZO NWs.
Nanowire WL effect EEI effect
1D 2D 3D 1D 2D 3D
IZO1 ∼ 1–7 K ∼ 7–50 K & 50 K — ∼ 3–11 K & 14 K
IZO2 — ∼ 1–40 K & 40 K — — & 3 K
FIG. 2. (a) An SEM image of as-grown IZO NWs on a tin-
coated Si substrate. (b) An HRTEM image of a single IZO
NW. The inset shows the corresponding selected-area electron
diffraction pattern. (c) EDX spectrum of as-grown IZO NWs.
(d) Resistivity ρ as a function of temperature for the IZO1
and IZO2 NWs, as indicated. The inset in the upper panel
shows the I-V curves for the IZO2 NW at 2, 40 and 300 K.
Note that these I-V curves are linear. They nearly overlap
because the resistivity of this given NW depends weakly on
T (main panel). The inset in the lower panel shows an SEM
image of the IZO1 NW device. The scale bar is 1 µm.
mal evaporation deposition. The inset of the lower panel
in figure 2(d) shows an SEM image of the IZO1 NW de-
vice. The contact resistance between an electrode and
the NW is typically a few kΩ at 300 K and ∼ 20 kΩ at 4
K. Extensive measurements of the resistances and magne-
toresistances have been carried out on two devices. The
experimental setup and measurement procedures were
similar to those employed in our previous studies of single
natively doped ZnO NWs9,10 and indium tin oxide (ITO)
NWs5. The R(T ) and MR curves were measured by uti-
lizing a Keithley K-220 or K-6430 as a current source
and a high-impedance (TΩ) Keithley K-2635A or K-6430
as a voltameter. The resistances reported in this work
were all measured by scanning the current-voltage (I-V )
curves at various fixed T values between 300 and 1 K.
The resistance at a given T value was then determined
from the region around the zero bias voltage, where the
I-V curve was definitely linear, see the inset in the up-
per panel of figure 2(d). In fact, since our IZO NWs
had relatively low resistivities (∼ 10 mΩ cm) which de-
pended very weakly on T in the wide temperature range
1–300 K, the NWs were “metallic-like” and the electron-
beam lithographic contacts were already ohmic without
any heat treatment. Electron overheating at our lowest
measurement temperatures was carefully monitored and
largely avoided except that there might be slight heating
for those data points taken at T = 1 K. This possible
slight electron heating at 1 K will not affect any of our
discussions and conclusion, except the extracted value
of τ−1ϕ (1K) might be slightly overestimated (figure 7).
Notice that, since we had employed the four-probe con-
figuration, the measured resistances (resistivities) were
thus the intrinsic resistances (resistivities) of the individ-
ual NWs. The relevant parameters of the two individual
IZO NW devices studied in this work are listed in table
II.
III. RESULTS AND DISCUSSION:
MAGNETORESISTANCE IN THE
WEAK-LOCALIZATION EFFECT
This section is divided into three subsections. In sub-
section 3.1, we present our estimates of the electronic pa-
rameters in our IZO NWs. In subsection 3.2, we present
our perpendicular MR data and the observed dimension-
ality crossovers in the WL effect. In subsection 3.3, we
analyze our parallel MR data to further determine and
confirm the thickness of the outer conduction shell in sin-
gle IZO NWs.
A. Estimate of nanowire electronic parameters
In order to facilitate quantitative comparison of our
R(T ) and MR data with the WL and the EEI theoretical
predictions, we first discuss the estimates of the relevant
electronic parameters of our IZO NWs. The carrier con-
centration n of a doped semiconductor NW can not be
readily measured, e.g., by using the conventional Hall
effect, due to the small transverse dimensions of a sin-
gle NW. Fortunately, insofar as single-crystalline ZnO
materials (films and bulks) are concerned, an empirical
relation between the room-temperature resistivity ρ(300
K) and n has been comprehensively compiled and reli-
ably established by Ellmer in the figure 4 of reference 31.
4TABLE II. Relevant parameters of two single IZO NW devices. dia is the geometric diameter measured by SEM, L is the
length between the two voltage leads in a four-probe configuration, ρ is the resistivity, n is the carrier concentration, EF (kF )
is the Fermi energy (wave number), ℓ (τe) is the elastic mean-free path (time), and D is the diffusion constant. ℓ, τe, D, and
kF ℓ values are for 10 K.
Nanowire dia L R(300K) ρ(300K) ρ(10K) n EF ℓ τe D kF ℓ
(nm) (µm) (kΩ) (mΩ cm) (mΩ cm) (cm−3) (meV) (nm) (fs) (cm2/s)
IZO1 68 3.8 66.6 6.4 6.7 1.7×1019 100 2.8 7.3 3.6 2.2
IZO2 92 1.9 35.5 12 15 6.8×1018 55 2.4 8.4 2.2 1.4
Furthermore, Chiu et al.9 and Tsai et al.10 have recently
shown that this Ellmer ρ–n empirical relation can well
be extended to the case of individual single-crystalline
ZnO NWs. Therefore, in this study we have applied this
empirical relation to evaluate the n values in our IZO
NWs.
It is worth noting that the n values we evaluated (table
II) are in reasonable consistency with that extracted from
direct measurements by using the back-gate method22.
For example, in an IZO NW with ρ(4 K) = 2.7 mΩ
cm, the back-gate method reported an estimate of n ≈
1.2×1020 cm−3. Alternatively, according to the Ellmer
ρ–n empirical relation31, such a resistivity would infer a
value of n ≈ 8×1019 cm−3. That is, the n values esti-
mated according to the two independent methods agree
to within a factor of ≈ 1.5. Since the critical carrier
concentration for the M-I transition in single-crystalline
ZnO occurs at nc ≈ 5×1018 cm−39,10,32, our doped IZO
NWs obviously lie on the metallic side of, but close to,
the M-I transition. That our NWs lie close to the M-I
transition boundary is directly evident in the fact that
our measured T dependence of ρ is weak, namely, ρ(1
K)/ρ(300 K) . 1.2 in both NWs (figure 2(d)). In the
IZO1 NW, ρ decreases with reducing T between 180 and
300 K, before it increases with further decrease in T . The
metallic-like behavior results from the incorporation of a
few atomic percent of In atoms (donors) into the ZnO
NW crystal lattice as well as from the In doping induced
oxygen vacancies20. The notable resistivity rise below ∼
40 K originates from the WL and the EEI effects. Nu-
merically, the ρ(300 K) values of the IZO1 and IZO2
NWs are approximately one order of magnitude lower
than those of the natively doped ZnO NWs that we had
previously studied9,10. Moreover, these ρ(300K) values
are ∼ 3 orders of magnitude lower than that in a two-
probe individual IZO NW transistor recently fabricated
by Xu et al.14.
In estimating the other charge carrier parameters
which are listed in table II, we have assumed a free-
electron model and taken an effective electron mass of
m∗ = 0.24m in the conduction band33, where m is
the free-electron mass. We obtain the electron mobility
µ(300K) ≈ 55 cm2/V s in the IZO1 NW and 75 cm2/V s
in the IZO2 NW. These values are slightly lower than that
(∼ 100 cm2/V s) found in natively doped ZnO NWs9.
Note that our evaluated Fermi energies EF are 100 and
55 meV in the IZO1 and IZO2 NWs, respectively. These
values are larger than the thermal energy kBT at 300 K,
and also larger than the major shallow donor level (∼
30 meV below the conduction band minimum9,10,34) in
the parent ZnO. Therefore, degenerate Fermi-liquid and
metallic behavior is to be expected in our NWs. As a con-
sequence, all of our electronic parameters depend only
weakly on T , as compared with those in typical semi-
conductor NWs that exhibit, e.g., hopping conduction
processes35.
B. Perpendicular magnetoresistance in the
weak-localization effect
In disordered conductors and at low temperatures, the
WL and the EEI effects cause pronounced quantum-
interference transport phenomena which depend sensi-
tively on T and B. The WL effect results from the
constructive interference between a pair of time-reversal
partial electron waves which traverse a closed trajec-
tory in a random potential. The time-reversal symme-
try will be readily broken in the presence of a small B
field24,25. The low-field MR can provide quantitative
information on the various electron dephasing mecha-
nisms, such as the inelastic electron-electron scattering,
electron-phonon scattering, spin-orbit scattering, and
magnetic spin-spin scattering36. The WL effects in dif-
ferent dimensionalities assume different functional forms
of MR24–26. Therefore, it is of crucial importance to ap-
ply the appropriate MR expressions to describe the WL
effect in those samples (e.g., NWs and thin films) whose
transverse dimensions are comparable to the dephasing
length Lϕ. In such cases, a dimensionality crossover of
the WL effect is deemed to occur if the measurement T
is varied sufficiently widely37. Moreover, an external B
applied in the perpendicular or the parallel orientation
relative to the current flow can result in distinct MR,
because the WL effect is an orbital phenomenon in na-
ture. Similarly, dimensionality crossovers could occur in
the EEI effect (section 4).
Figures 3(a)–3(d) show the normalized MR,
△R(B)/R(0) = (R(B) − R(0))/R(0), of the IZO1
NW as a function of perpendicular magnetic field in
several T regions, as indicated. (The B fields were
applied perpendicular to the NW axis.) The symbols
are the experimental data and the solid curves are the
WL theoretical predictions for 1D (figure 3(a)), 2D
5FIG. 3. Normalized MR, △R(B)/R(0) = (R(B) −
R(0))/R(0), as a function of perpendicular magnetic field of
the IZO1 NW in different T regions, as indicated. The sym-
bols are the experimental data and the solid curves are the
theoretical predictions of the (a) 1D (equation (1)), (b) 2D
(equation (3)), and (c) 3D (equation (2)) WL effects. (d)
△R(B)/R(0) at 7 K with the theoretical predictions of the
1D and 2D WL effects, as indicated.
(figure 3(b)), and 3D (figure 3(c)), respectively. Figure
3(d) shows a plot of the measured perpendicular MR
at 7 K together with both the 1D and the 2D WL
theoretical predictions, as indicated. We notice that
in all figures 3(a)–3(d), the MR data are negative,
suggesting that the spin-orbit (s-o) scattering rate is
relatively weak compared with the inelastic electron
scattering rate at all T down to 1 K. In other words,
the s-o scattering length Lso =
√
Dτso is always longer
than Lϕ, where τso is the s-o scattering time. This
observation of a very weak s-o scattering is consistent
with the conclusion recently drawn from the WL studies
of metallic-like ZnO NWs9 and ZnO nanoplates38,39.
Microscopically, the comparatively weak s-o coupling
in ZnO is thought to originate from the small energy
splitting at the top of the valence band40. A doping of
≈ 3 at.% of moderately heavy In atoms in this work
does not induce any appreciable enhancement of the s-o
coupling.
The MR due to the 1D WL effect in the presence of
an external B applied either perpendicular or parallel to
the NW axis is given by41,42, in terms of the normalized
resistance △R(B)/R(0) = (R(B)−R(0))/R(0),
△R(B)
R(0)
=
e2
π~
R
L
{
3
2
[(
1
L2ϕ
+
4
3L2so
+
1
DτB
)−1/2
−
(
1
L2ϕ
+
4
3L2so
)−1/2]
− 1
2
[(
1
L2ϕ
+
1
DτB
)−1/2
− Lϕ
]}
, (1)
where R is the resistance of a quasi-1D NW of length
L, and the characteristic time scale τB represents the de-
phasing ability of the B field. The form of τB depends on
the orientation of B relative to the current flow and the
shape of the NW41. There are two situations which have
been explicitly theoretically calculated. First, for a NW
with a square cross section and side a in B applied per-
pendicular to the NW axis, τB = 3L
4
B/(Da
2), where the
magnetic length LB =
√
~/eB. Second, for a NW with a
circular cross section and diameter d in B applied parallel
to the NW axis, τB = 8L
4
B/(Dd
2). In practice, both side
a and diameter d can be treated as adjustable parame-
ters, because the effective cross-sectional area responsible
for the charge conduction may differ from the geomet-
ric cross-sectional area of the given NW under study. In
other words, the NW may be inhomogeneous (e.g., due to
O vacancies, surface absorption/desoption, variations in
compositions, surface states43, accumulation layers44,45,
etc.) and the electrical conduction is not through the
whole volume of the NW27,29.
In plotting figure 3(a), we have used equation (1) and
rewritten τB = 3L
4
B/(Da
2) ≡ 12L4B/(Dπd2) to least-
squares fit the measured MR data for B < 0.5 T, and
then generated the theoretical curves for a B range up to
3.25 T. (We have treated τB, and thus d, as an adjustable
parameter.) Numerically, we obtained T -independent
(average) values of d ≃ 59 nm and Lso ≃ 140 nm for
all the MR curves plotted in figure 3(a). The only T -
dependent adjustable parameter is Lϕ, which is plotted
in figure 4(a) as a function of T . Figure 4(a) shows that
Lϕ (the squares) decreases from 110 nm at 1 K to 28
nm at 15 K. It should be noted that our extracted Lϕ
value becomes shorter than the effective NW diameter d
as T increases to above ∼ 7 K. Such a result is not self-
consistent and it violates the applicability of equation (1).
That is, under such circumstances, one should consider a
possible dimensionality crossover to the 3D WL effect at
T > 7 K. A similar observation has recently been pointed
out by Hsu et al.5 in their WL studies of single ITO NWs.
In any case, one should be cautious about the validity of
the extracted Lϕ values in this moderately high T region.
To examine whether a crossover from the 1D to the 3D
WL effect takes place in the IZO1 NW at T > 7 K, we
now compare our MR data with the 3D WL theoretical
predictions. The 3D WL MR is given by36,46,47, in terms
of normalized magnetoresistivity△ρ(B)/ρ2(0) = (ρ(B)−
6ρ(0))/ρ2(0),
△ρ(B)
ρ2(0)
=
e2
2π2~
√
eB
~
{
1
2
√
1− γ
[
f3
( B
B−
)
− f3
( B
B+
)]
− f3
( B
B2
)
−
√
4Bso
3B
×
[
1√
1− γ (
√
t+ −
√
t− ) +
√
t−√t+ 1
]}
,(2)
where
γ =
[
3g∗µBB
4eD(2Bso −B0)
]2
,
t =
3Bϕ
2(2Bso −B0) , t± = t+
1
2
(1±
√
1− γ ) ,
Bϕ = Bin +B0 , B2 = Bin +
1
3
B0 +
4
3
Bso ,
B± = Bϕ +
1
3
(2Bso −B0)(1 ±
√
1− γ ) ,
g∗ (= −1.93 in the ZnO material48) is the electron Lande-
g factor, µB is the Bohr magneton, and
f3(z) ≈ 2
(√
2 +
1
z
−
√
1
z
)
−
[(
1
2
+
1
z
)−1/2
+
(
3
2
+
1
z
)−1/2]
+
1
48
(
2.03 +
1
z
)−3/2
.
Here the characteristic fields are connected with the
electron scattering times through the relation Bj =
~/(4eDτj), with the subscript j stands for ϕ (the dephas-
ing field/time), in (the inelastic scattering field/time), so
(the s-o scattering field/time), 0 (the “saturated” scatter-
ing field/time as T → 0 K), and e (the elastic scattering
field/time). (Be will be used in equation (3).) The func-
tion f3 is an infinite series which can be approximately
expressed as above, which is known to be accurate to be
better than 0.1% for all arguments z (Ref. 49).
Figure 3(c) shows the normalized MR and the least-
squares fits to the theoretical predictions of equation (2)
at four T values between 20 and 50 K. This figure re-
veals that, as T increases to above ∼ 20 K, the theo-
retical curves can reasonably describe the experimental
data. The Lϕ values (triangles) thus extracted are plot-
ted in figure 4(a). We obtain Lϕ = 50 nm at 20 K and 19
nm at 50 K. Although our measured MR data at T > 20
K can seemingly be described by the 3D WL theory, we
should stress that the agreement between the theory and
the experiment is superficial. For instance, the inferred
Lϕ values (triangles) do not extrapolate to those Lϕ val-
ues (squares) inferred from the low-T 1D regime. Fur-
thermore, the extracted Lϕ value would suggest a 3D-to-
1D dimensionality crossover taking place at a relatively
high T ∼ 20 K, which is very unlikely. (Recall that the
least-squares fits to the 1D MR theory do not lead to
self-consistent results for T & 7 K.) In fact, as we will
demonstrate below, the charge carriers in our IZO NWs
do not flow through the whole volume of the individual
NWs. Instead, there is an outer conduction shell of a
thickness t in individual IZO NWs (figure 1), which is re-
sponsible for our observed quantum-interference electron
conduction. Thus, at sufficiently low T where Lϕ & d,
the electrical transport would be 1D with regard to the
WL effect. On the other hand, at not too low T where
Lϕ . d, the low-field MR manifests the 2D WL effect.
Note that, recently, surface-related electrical conduction
processes have also been found in natively doped ZnO
NWs which lie on the metallic side of, but close to, the
M-I transition9.
FIG. 4. Electron dephasing length Lϕ as a function of temper-
ature for the (a) IZO1 and (b) IZO2 NWs. Different symbols
represent the Lϕ values extracted according to different di-
mensional WL MR expressions: 1D equation (1) (squares),
2D equation (3) (circles), and 3D equation (2) (triangles).
The dashed (dotted) line indicates the effective NW diameter
d (the outer conduction shell thickness t).
We now analyze our MR data at T & 7 K in terms
of the 2D WL theory. The MR due to the 2D WL
effect in the presence of a perpendicular B field is
given by24,50,51, in terms of normalized sheet resistance
△R(B)/R2(0) = (R(B)−R(0))/R2(0),
△R(B)
R2

(0)
=
e2
2π2~
[
Ψ
(
1
2
+
B1
B
)
− 3
2
Ψ
(
1
2
+
B2
B
)
+
1
2
Ψ
(
1
2
+
Bϕ
B
)
− 1
2
ln
(
B21Bϕ
B32
)]
, (3)
where Ψ is the digamma function, and B2 was defined
below equation (2). B1 is a characteristic field given
by B1 = Be + Bso + B0/2 ≃ Be. In the least-squares
fits of the predictions of equation (3) to our experi-
mental MR data, we have treated the sheet resistance
R = R/(L/w) as an adjustable parameter, where the
resistance R and length L are directly measured, and w
is defined as w = π(dia− t), with dia being the geomet-
ric diameter of the NW determined via SEM (table II).
Thus, t is a fitting parameter. Note that we have ap-
7proximated the outer conduction shell with a dodecagon
in the fits to equation (3)52.
Figure 3(b) shows the measured MR and the least-
squares fits to equation (3) for the IZO1 NW at several
T values between 7 and 50 K. This figure clearly indicates
that the normalized MR in the low-field regime of B .
1 T can be well described by the theoretical predictions.
Most important, the extracted Lϕ values (circles) as a
function of T are plotted in figure 4(a), which lie system-
atically below those extracted according to the 3D form
of equation (2). Inspection of figure 4(a) indicates that
the Lϕ(& 7 K) values inferred from the 2D WL theory,
equation (3), closely extrapolate to those Lϕ(. 7 K) val-
ues inferred from the 1D WL theory, equation (1). This
observation is meaningful, which strongly suggests that
the WL MR effect smoothly crosses over from the 1D
regime to the 2D regime as T increases to be above ≈ 7
K. Indeed, we find that the measured MR data at 7 K
and in B . 1 T can be reasonably well described by both
equation (1) and equation (3) (figure 3(d)). Furthermore,
it should be noted that, at this particular T value, the fit-
ted dephasing length according to equation (3) is Lϕ(7K)
≃ 64 nm. This is very close to the effective NW diameter
d (≃ 59 nm) inferred above from the 1D WL fits. Thus,
the physical quantity d signifies the characteristic length
scale that controls the dimensionality crossover between
the 1D (Lϕ & d) and 2D (Lϕ . d) WL regimes in the
IZO1 NW.
If T continues to increase and Lϕ gradually re-
duces, one would expect another possible dimensional-
ity crossover from the 2D to the 3D WL effect. In fact,
figures 3(b) and 3(c) together indicate that both equa-
tion (2) and equation (3) can describe the measured MR
data at 50 K and in B . 1.5 T. The extracted Lϕ(50 K)
values according to both equations approach each other,
being ≈ 15 nm (figure 4(a)). This result implies that
a 2D-to-3D dimensionality crossover takes place around
T ∼ 50 K or slightly higher. In particular, the respon-
sible length scale is ≈ 15 nm, which can be identified
as the effective thickness t of the outer conduction shell.
In short, in the IZO1 NW, as T monotonically increases
and Lϕ progressively decreases, a 1D-to-2D dimensional-
ity crossover of the WL effect first takes place around ∼
7 K, where Lϕ(7 K) ≃ d. As T further increases, a 2D-
to-3D dimensionality crossover eventually occurs near ∼
50 K, where Lϕ(50 K) ≃ t. It should be noted that the
existence of a relevant shell thickness of ≈ 15 nm is fur-
ther supported by the EEI effect in the R-T behavior
(figures 6(a) and 6(b)). Thus, continuously fitting the
measured MR curves with the 2D WL theory up to T >
50 K would lead to an inconsistency of L
(2D)
ϕ < t.
Apart from the IZO1 NW, we have carried out similar
MR measurements on the IZO2 NW. In this second NW,
we obtain least-squares fitted average values of d ≃ 81
nm, t ≃ 17 nm, and Lso ≃ 105 nm. Figure 4(b) shows
the Lϕ values extracted according to the 1D, 2D, and
3D WL MR expressions, as indicated. We find that it
definitely needs to apply the 2D WL theory to extract
acceptable values of Lϕ (circles) in this NW. Those Lϕ
values (squares) extracted according to equation (1) are
smaller than d at all T , and thus an interpretation based
on the 1D WL effect is not self-consistent. On the other
hand, those Lϕ values (triangles) extracted according to
equation (2) are larger than t at T below ∼ 40 K, and
thus the 3D WL effect is neither acceptable for T < 40
K. In other words, our results suggest that the IZO2 NW
lies in the 2D regime with regard to the WL effect all
the way down to T ∼ 1 K. There is no crossover to the
1D WL regime because this NW has a larger d value
while it possesses a shorter Lϕ, as compared with the
IZO1 NW. Physically, the Lϕ is shorter in the IZO2 NW
because this NW is slightly more disordered than the
IZO1 NW. In the opposite high T region, there is a 2D-
to-3D dimensionality crossover taking place around 40
K. At 40 K, the measured MR can be fitted with both
equation (2) and equation (3), and the extracted values
are similar, being Lϕ(40 K) ≡ t ≃ 17 nm. It should be
noted that this t value is relatively close to that (≃ 15
nm) inferred for the IZO1 NW. These results suggest that
this is the typical thickness of the surface conduction shell
in our IZO NWs. This characteristic thickness might be
a material property of the group-III metal doped ZnO
NWs23.
C. Two-dimensional parallel magnetoresistance in
the weak-localization effect
In this subsection, we intend to provide further evi-
dence for the existence of a surface conduction shell in
individual IZO NWs. If there is any quasi-2D structure
leading to the 2D WL effect observed in our IZO NWs
discussed thus far, measuring the MR in B applied par-
allel to the conduction shell should provide a comple-
mentary method for determining the thickness t of this
conduction shell. The MR due to the 1D WL effect in
the presence of a parallel magnetic field, B||, is already
included in equation (1). The MR due to the 2D WL
effect in the presence of a parallel B|| is given by
56, in
terms of normalized sheet resistance △R(B‖)/R2(0) =
(R(B‖)−R(0))/R2(0),
△R(B‖)
R2

(0)
= − e
2
2π2~
[
3
2
ln
(
1 +
L22
L2‖
)
− 1
2
ln
(
1 +
L2ϕ
L2‖
)]
,
(4)
where the characteristic lengths L‖ =
√
3~/(eB‖t), and
L2 =
√
~/(4eB2), with the characteristic fields B2 and
Bϕ being defined below equation (2).
Figures 5(a), 5(b), and 5(c) plot the perpendicular
and the parallel MR data of the IZO1 NW at three se-
lected T values of 3 K (i.e., the 1D WL regime), 20 K
(i.e., the 2D WL regime), and 50 K (i.e., the 2D-to-3D
crossover regime), respectively. In each figure, the solid
(dashed) curve is the theoretical prediction of the per-
pendicular (parallel) WL effect. We start with the low-T
8FIG. 5. Normalized MR, △R(B)/R(0) = (R(B) −
R(0))/R(0), as a function of magnetic field for the IZO1 NW
at (a) 3.0 K, (b) 20 K, and (c) 50 K. (d) △R(B)/R(0) as a
function of magnetic field of the IZO2 NW at 70 K. In each fig-
ure, open squares (closed circles) are the perpendicular (par-
allel) MR data. The solid (dashed) curves are the theoretical
predictions of the perpendicular (parallel) WL effects. The
solid curve in (d) is a least-squares fit to equation (2) with
Lϕ = 11 nm.
1D regime. In figure 5(a), the perpendicular MR was
first least-squares fitted to equation (1) with the form
of τB = 12L
4
B/(Dπd
2) as discussed in subsection 3.2,
and the solid curve was plotted using the fitted param-
eters: Lϕ(3 K) = 81 nm, Lso = 140 nm, and d = 59
nm. Then, we substituted this set of parameters into
equation (1) but now rewrote the magnetic time in the
form of τB = 8L
4
B/(Dd
2) to “generate” the 1D paral-
lel WL MR prediction, without invoking any additional
adjustable parameter nor performing any further least-
squares fits. This procedure produced the dashed curve
which is seen to well describe our measured parallel MR
data. Thus, the reliability and validity of our measure-
ment method and data analyses are justified. In fact, we
could repeat this practice of using the same set of fitting
parameters to describe both the perpendicular and the
parallel MR data at a given T for all temperatures below
≈ 7 K. In figure 5(a), the magnitudes of the perpendicu-
lar MR and the parallel MR do not differ markedly, i.e.,
the MR is not significantly anisotropic, because Lϕ(3 K)
is not considerably longer than d in this NW57.
At T > 7 K, our measured perpendicular MR data
and the parallel MR data at a given T can no longer be
simultaneously described by equation (1) with a same set
of adjustable parameters. Therefore, we have turned to
the 2D forms of the WL theory. In this procedure, if we
already know the Lϕ and Lso values from the analyses
of the perpendicular MR data at a given T as discussed
in subsection 3.2, the conduction shell thickness t (which
enters L‖) will be the sole adjustable parameter left in
equation (4). Figures 5(b) and 5(c) clearly show that
our perpendicular MR data and parallel MR data can be
simultaneously described by equation (3) (solid curves)
and equation (4) (dashed curves), respectively. From this
approach, our extracted t value according to equation (4)
is ≃ 15 nm at both temperatures, firmly confirming the
above deduced thickness. In fact, by repeating for several
T values in the 2D WL regime, we obtain average values
of t ≃ 15±2 nm for the IZO1 NW and t ≃ 17±3 nm for
the IZO2 NW (table III).
Figure 5(d) shows a plot of the perpendicular MR data
(open squares) and the parallel MR data (closed circles)
as a function of B for the IZO2 NW at 70 K. One sees
that the perpendicular MR and the parallel MR collapse,
explicitly illustrating a 3D behavior. Indeed, at such a
high T value, Lϕ must be very short. According to equa-
tion (2) (the solid curve), we obtain a least-squares fitted
value of Lϕ(70 K) ≃ 11 nm.
Self purification mechanisms preventing doping of
semiconductor nanostructures. It should be of crucial
importance to point out that, from the Hall effect and
secondary-ion mass spectroscopy measurements, Look et
al.23 have recently inferred that the group-III metal im-
purities could readily diffuse into the surfaces of any
ZnO wafers for a distance of ≈ 14 nm. Remarkably,
this value independently inferred from entirely distinct
physical properties is in close agreement with our ex-
tracted t value (≃ 15–17 nm). The underlying physics
for this consistency is highly meaningful. Recently, based
on energetic arguments, Dalpian and Chelikowsky30 have
theoretically shown that the “self-purification” mecha-
nisms would perniciously prevent doping of semiconduc-
tor nanostructures, causing dopants to segregate to sur-
faces. This theoretical finding provides a natural ex-
planation for our experimental observation of the “core-
shell-like structure” in IZO NWs. This very issue con-
cerning the materials property and the doping behav-
ior of semiconductors at the nanoscale deserves detailed
studies before any nanoelectronic devices could be possi-
bly implemented58.
The absence of Altshuler-Aronov-Spivak (AAS) oscil-
lations. It may be conjectured that a convincing experi-
mental proof of the existence of an outer conduction shell
would be an observation of the AAS oscillations at low
temperatures59. AAS had theoretically predicted that
the resistance of a weakly disordered cylindrical conduc-
tor would oscillate in sweeping B‖ fields with a period
of h/2e. We have checked this predicted phenomenon
in this study, but did not observe any signature of such
kind of oscillations. This is expected, because a con-
duction shell of as thick as ≃ 15–17 nm in our IZO NWs
would strongly suppress the amplitudes of the AAS oscil-
lations, making them more than one order of magnitudes
smaller than the parallel MR in the WL effect60. More-
over, the AAS oscillations should be further damped due
to any inhomogeneities in the conduction shell radius and
thickness62, which very likely exist in our NWs.
9TABLE III. Least-squares fitted parameters for IZO NWs. A
(1D)
ee , A
(2D)
ee , and A
(3D)
ee are the electron-electron scattering strength
in the 1D, 2D, and 3D regimes, respectively. τ0 is the electron dephasing time as T → 0 K, τso is the spin-orbit scattering time,
d is the effective NW diameter, w is the perimeter of the dodecagon assumed in the least-squares fits to equation (3), and t is
the outer conduction shell thickness.
Sample A
(1D)
ee A
(2D)
ee A
(3D)
ee τ0 τso d w t
K−2/3 s−1 K−1 s−1 K−3/2 s−1 (ps) (ps) (nm) (nm) (nm)
IZO1 1.6×1010 1.1×1010 2.3×109 ∼ 67 54 59 159 15±2
IZO2 — 9.0×109 2.2×109 ∼ 40 47 81 235 17±3
IV. DIMENSIONALITY CROSSOVER IN THE
ELECTRON-ELECTRON INTERACTION
EFFECT
In this section, we concentrate on the R(T ) data due
to the EEI effect to provide further justification for the
existence of a core-shell-like structure in IZO NWs. In
addition to the WL effect, the many-body EEI effect
also results in a resistance rise with decreasing T in a
weakly disordered conductor24–26. The EEI effect in-
duced correction in 2D is give by26,51, in terms of the nor-
malized sheet resistance △R(T )/R(T0) = (R(T ) −
R(T0))/R(T0),
△R(T )
R(T0)
= − e
2
2π2~
(
1− 3
4
F˜
)
R ln
(
T
T0
)
, (5)
where T0 is an arbitrary reference temperature. F˜ is
an electron screening factor averaged over the Fermi sur-
face, whose value lies approximately between 0 and 126,63.
The EEI effect induced correction in 3D is give by26,64,
in terms of the normalized resistivity △ρ(T )/ρ(T0) =
(ρ(T )− ρ(T0))/ρ(T0),
△ρ(T )
ρ(T0)
= −0.915e
2
4π2~
(
4
3
− 3
2
F˜
)
ρ
√
kB
~D
(√
T −
√
T0
)
.
(6)
In the comparison of the theoretical prediction of ei-
ther equation (5) or equation (6) with experiment, F˜ is
the only adjustable parameter. The characteristic length
scale controlling the sample dimensionality in the EEI
effect is the thermal diffusion length LT =
√
D~/kBT .
Note that the EEI effect in different sample dimensional-
ities results in distinct T dependencies of the resistance
rise at low temperatures65. The WL effect induced cor-
rections to the residual resistance at low T can be readily
suppressed by applying a moderately high B field24–26.
Therefore, one may measure R(T ) in an applied field to
focus on the EEI term alone.
We start with our discussion on the IZO2 NW. Figure
6(c) shows the resistivity of the IZO2 NW as a function
of
√
T in both B = 0 and in a perpendicular B = 4 T,
as indicated. Clearly, the 4-T data illustrate a robust
linear dependence between ∼ 3 and 40 K. Such a −
√
T
temperature dependence manifests the 3D EEI effect in
this wide T interval. By comparing with the prediction
of equation (6), we obtained a value F˜ ≃ 0.42. This mag-
nitude of F˜ is in line with that found in typical doped
FIG. 6. Resistivity of the IZO1 NW measured in a perpen-
dicular B field of 4 T as a function of (a) the square root of
temperature, and (b) the logarithm of temperature. (c) Re-
sistivity as a functions of the square root of temperature for
the IZO2 NW measured in B = 0 and in perpendicular B =
4 T, as indicated. (d) A plot of the difference in resistivity
from (c), △ρ = ρ(B = 0)− ρ(B = 4 T), as a function of the
logarithm of temperature. The straight solid line in (b) is a
least-squares fit to equation (5), and the straight solid lines in
(a) and (c) are least-squares fits to equation (6). The dashed
curve in (d) is the theoretical prediction of equation (7).
semiconductors, such as Si:B66. On the other hand, in
B = 0, the T dependence of ρ is somewhat more com-
plicated, because both the WL and the EEI effects now
contribute to the total resistivity rise. Using D = 2.2
cm2/s (table II), we estimate LT (5 K) ≃ 18 nm. This
length scale is basically the conduction shell thickness in-
ferred from the WL MR studies (section 3). That is, the
3D EEI effect on the resistivity rise is expected to persist
from intermediately high T down to ∼ 5 K in this par-
ticular NW. This prediction is in good accord with the
observation depicted in figure 6(c).
Figure 6(d) plots the variation of the difference in
the measured resistivity, △ρ = ρ(B=0) − ρ(B=4 T),
with temperature of the IZO2 NW whose resistivities are
shown in figure 6(c). This figure indicates an approxi-
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mate lnT temperature dependence of △ρ between ∼ 3
and ∼ 40 K. This observation is meaningful. Indeed, this
△ρ can be identified as originating from the 2D WL ef-
fect, which is theoretically predicted to be given by26, in
terms of the normalized sheet resistance,
△R(T )
R(T0)
=
e2
4π2~
R
{
ln
[
Bϕ(T )
Bϕ(T0)
]
− 3 ln
[
B2(T )
B2(T0)
]}
,
(7)
where T0 is an arbitrary reference temperature, and B2
and Bϕ are defined below equation (2). Writing ρ = tR
and substituting the fitted values of Lϕ and Lso from
our MR data analyses described in section 3 into equa-
tion (7), we obtain the dashed curve shown in figure 6(d),
which is seen to satisfactorily describe the experimental
△ρ. This result strongly confirms our scenario of the
quantum-interference transport through a surface layer
in single IZO NWs. Recall that the 2D WL MR effect in
the IZO2 NW has been observed in the same T interval
of 1–40 K (subsection 3.2). Below about 3 K, △ρ tends
to saturate to a constant value, because τϕ becomes very
weakly dependent on T , as shown in figure 4(b).
We turn to the IZO1 NW. For simplicity, we shall
present and discuss only the ρ(T ) data measured in a
perpendicular B = 4 T. Figure 6(a) shows that the ρ ∝
−
√
T law holds between ∼ 14 and 40 K. By comparing
with equation (6), we obtained a value of F˜ ≃ 0.61. In
contrast to the case of the IZO2 NW, a change in the T
dependence to the 2D R ∝ −lnT law is seen between ∼
3.6 and ∼ 11 K in this NW, see figure 6(b). By writing
R = ρ/t and comparing with the prediction of equa-
tion (5), we obtained a value F˜ ≃ 0.51. This value is rea-
sonably in line with that inferred above from the high-T
3D regime. Thus, a dimensionality crossover with regard
to the EEI effect does occur in the ∼ 11–14 K temper-
ature window in this particular NW. In fact, using D =
3.6 cm2/s (table II), we estimate LT (11 K) = 16 nm.
This value is very close to the conduction shell thickness
t ≃ 15 nm inferred from the WL MR studies discussed
in section 3. In other words, at T & 11 K, LT . t and
the EEI effect is 3D (figure 6(a)), while at T . 11 K,
LT & t and the EEI effect is 2D (figure 6(b)). In short,
the observations of a 2D-to-3D dimensionality crossover
in both the EEI effect and the WL effect strongly sub-
stantiate the existence of an outer conduction shell of a
thickness t in IZO NWs.
Finally, it may be readily estimated that the thermal
lengths LT (T ) = 52/
√
T nm in the IZO1 NW and 41/
√
T
nm in the IZO2 NW. These lengths are relatively short,
as compared with d. Thus, a dimensionality crossover of
the EEI effect from the 2D to the 1D regime is not seen
in this experiment. Table I summarizes the various T
intervals over which different dimensionalities in the WL
and the EEI effects are observed in this work.
V. ELECTRON DEPHASING TIME
In this section, we analyze the T dependence of τ−1ϕ
to study the electron dephasing processes in IZO NWs.
Recall that, for a given IZO NW, the “correct” τ−1ϕ val-
ues in different T regions are those extracted according
to the appropriate WL MR expressions in different di-
mensionalities. Figure 7 plots our extracted τ−1ϕ as a
function of T for the IZO1 and IZO2 NWs, as indicated.
In this figure, the τ−1ϕ values of the IZO1 NW are a com-
bination of those extracted according to the 1D WL form
(equation (1)) between 1 and 8.5 K and those extracted
according to the 2D WL form (equation (3)) between 7
and 50 K. The τ−1ϕ values of the IZO2 NW are a combi-
nation of those extracted according to the 2D WL form
(equation (3)) between 1 and 40 K and those extracted
according to the 3D WL form (equation (2)) between 40
and 70 K.
FIG. 7. Electron dephasing rate τ−1ϕ as a function of temper-
ature for the IZO1 and IZO2 NWs, as indicated. The solid
curves are the theoretical predictions of equation (8). For
clarity, the data of the IZO1 NW have been shifted up by
multiplying a factor of 10. Note that the two data points at
1 K might be subject to slight electron heating.
The physical meaning of τ−1ϕ is examined in the fol-
lowing. The total electron dephasing rate in a weakly
disordered degenerate semiconductor can be written as36
1
τϕ(T )
=
1
τ0
+
1
τNee(T )
+
1
τin(T )
, (8)
where τ0 is a constant or a very weakly T dependent
quantity, whose origins (paramagnetic impurity scatter-
ing, dynamical structural defects, etc.) are a subject of
elaborate investigations in the past three decades42,67–69.
The quasi-elastic (i.e., small-energy-transfer) Nyquist
electron-electron (e-e) relaxation rate, (τNee )
−1, in low-
dimensional disordered conductors is known to domi-
nate τ−1ϕ in an appreciable T interval. In the follow-
ing analyses, we use the standard expression: (τNee )
−1 =
AeeT
p, where p = 2/3 and 1 for 1D and 2D samples,
respectively26,36,70. Note that, as T increases, the expo-
nent of temperature p in (τNee )
−1 is expected to change as
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the sample dimensionality changes in our IZO NWs. The
third term, τ−1in , on the right-hand side of equation (8)
denotes any additional inelastic scattering mechanism(s)
that might play a role in the dephasing process at suffi-
ciently high T .
Before comparing our experimental τ−1ϕ data with
equation (8), we first would like to comment on the
electron-phonon (e-ph) relaxation process. In disordered
metals, the e-ph scattering is often significant at a few
degrees of kelvin and higher. One may then safely iden-
tify the τ−1in term in equation (8) as the e-ph scattering
rate τ−1e−ph
71, in either the diffusive limit72,73 or the quasi-
ballistic limit74, depending on the experimental condi-
tions. However, the carrier concentrations n ∼ 1×1019
cm−3 (table II) in our IZO NWs, which are 3 to 4 or-
ders of magnitude lower than those in typical metals75.
Theoretical evaluations show that at such carrier con-
centrations, the deformation potential still has a metallic
nature, but substantially decreases due to the low con-
centration. The corresponding e-ph coupling constant
(the constant β in71,74) is found to be proportional to n.
Therefore, the e-ph relaxation must be negligible in this
work76. On the contrary, it should be pointed out that
the e-e scattering in the IZO material relative to that
in typical metals is enhanced, owing to the smaller EF
value and the larger ρ (R) value in IZO NWs.
In 3D, it is established that the e-e scattering is
determined by the large-energy-transfer processes. In
the clean limit, the theory26,36 predicts (τ−1ee )clean =
π(kBT )
2/(8~EF ). Substituting the EF values of our IZO
NWs into this expression, we estimate this scattering rate
to be ≈ 4×107 T 2 s−1 (≈ 8×107 T 2 s−1) in the IZO1
(IZO2) NW. Even at a moderately high T of 40 K, this
scattering rate is more than (about) one order of mag-
nitude smaller than the experimental τ−1ϕ value in the
IZO1 (IZO2) NW. Therefore, this clean-limit e-e scatter-
ing process can be ruled out in the present study. In the
dirty limit, the large-energy-transfer e-e scattering rate
is modified to be τ−1ee = A
(3D,th)
ee T 3/2, with the coupling
strength given by26,36,70
A(3D,th)ee =
√
3
2~
√
EF
(
kB
kF ℓ
)3/2
. (9)
This scattering rate is relevant to our experiment at high
T values where our NWs enter the 3D WL regime.
Since the dimensionality crossover in the WL effect
is less complex in the IZO2 NW, we first analyze the
τ−1ϕ data in this sample. In this NW, there is a sin-
gle 2D-to-3D crossover in the wide T interval of 1–70
K. Therefore, we may rewrite equation (8) in the fol-
lowing form: τ−1ϕ = τ
−1
0 + A
(2D)
ee T + A
(3D)
ee T 3/2, where
A
(2D)
ee and A
(3D)
ee denote the e-e scattering strength in
the 2D and 3D regimes, respectively. (One may identify
A
(3D)
ee T 3/2 as the τ
−1
in term in equation (8).) By least-
squares fitting this expression to the experimental data
(see figure 7), we obtain A
(2D)
ee ≃ 9.0×109 K−1 s−1 and
A
(3D)
ee ≃ 2.2×109 K−3/2 s−1. Theoretically, the Nyquist
e-e scattering strength in 2D is given by26,36,70
A(2D,th)ee =
e2kB
2π~2
R ln
(
π~
e2R
)
. (10)
Substituting our experimental value of R into equa-
tion (10), we obtain A
(2D,th)
ee = 1.8×1010 K−1 s−1. Also,
substituting our experimental values of EF and kF into
equation (9), we obtain A
(3D,th)
ee = 2.7×109 K−3/2 s−1.
These values are in good agreement with the experimen-
tal values. Therefore, we can clearly identify the e-e scat-
tering as the dominating dephasing process in the IZO2
NW. We notice that our A
(2D)
ee value is on the same order
of magnitude as that found in the ZnO surface wells77.
Our fitted τ0 value for the IZO2 NW is listed in table
III. It should be noted that the fitted τ0 value is only
approximate, because we have not extensively measured
the MR curves at subkelvin T values to unambiguously
extract τ0 = τϕ(T → 0 K). We also note that, at our
lowest measurement temperature of 1 K, the electrons in
the NW might have been slightly overheated.
The electron dephasing processes in the IZO1 NW is
somewhat more complicated and requires a more detailed
examination. Because both 1D-to-2D and 2D-to-3D di-
mensionality crossovers in the WL effect are observed,
we first write equation (8) in the form τ−1ϕ = τ
−1
0 +
A
(2D)
ee T + A
(3D)
ee T 3/2 to extract the values of A
(2D)
ee and
A
(3D)
ee using data in the T ≃ 10–50 K interval. Then, we
write equation (8) in the form τ−1ϕ = τ
−1
0 + A
(1D)
ee T 2/3
to extract the values of τ−10 and A
(1D)
ee using data in the
T ≃ 2–10 K interval. Our fitted result in figure 7 is ob-
tained with the following values: A
(1D)
ee ≈ 1.6×1010 K−2/3
s−1, A
(2D)
ee ≈ 1.1×1010 K−1 s−1, and A(3D)ee ≈ 2.3×109
K−3/2 s−1. Substituting our experimental value of R
into equation (10), we obtain A
(2D,th)
ee = 2.4×1010 K−1
s−1. Substituting our experimental values of EF and kF
into equation (9), we obtain A
(3D,th)
ee = 9.8×108 K−3/2
s−1. Our experimental values are within a factor of ≈ 2
of the 2D and 3D theoretical values, and thus are satis-
factory.
In 1D, the Nyquist e-e scattering strength is theoreti-
cally predicted to be5,26,70
A(1D,th)ee =
(
e2
√
DRkB
2
√
2~2L
)2/3
. (11)
Substituting our measured NW resistance R, length L,
and diffusion constant D into equation (11), we obtain
A
(1D,th)
ee ≈ 2.5×1010 K−2/3 s−1. This value is about 50%
higher than our experimental value, and hence our result
is well acceptable79.
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VI. CONCLUSION
We have measured the temperature dependence of re-
sistance as well as the magnetic field dependence of mag-
netoresistance in two indium-doped ZnO nanowires. The
doped NWs reveal overall metallic transport properties
characteristic of disordered conductors. Our results lead
to our proposition of a core-shell-like structure in indi-
vidual IZO NWs, with the outer shell of a thickness ≃
15–17 nm being responsible for the observed quantum-
interference WL and EEI effects. As a consequence, 1D-
to-2D and 2D-to-3D dimensionality crossovers in the WL
effect are evident as the temperature gradually increases
from 1 to 70 K. A 2D-to-3D dimensionality crossover in
the EEI effect has also been observed. A crossover to
the 1D EEI effect is not seen, because the thermal diffu-
sion length LT (T ) is relatively short, as compared with
the effective NW diameter d. These observations reveal
the complex and rich nature of the charge transport pro-
cesses in group-III metal doped ZnO NWs. In addition,
we have explained the inelastic electron dephasing times.
It should be emphasized that our experimental observa-
tion of a core-shell-like structure in IZO NWs is in good
accord with the current theoretical understanding for im-
purity doping of semiconductor nanostructures. This re-
sult could have significant bearing on the potential im-
plementation of nanoelectronic devices.
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